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(a) (b) Figure 1 : (a) A photography of the junction of underground electrical cables, (b) The junction detailed description for the electromagnetic modeling purpose, the junction length is 40 cm as the part of the power cable with a diameter outgrowth of 50 % compared with the one of the cable. Such a 13 diameter variation modifies the scattered field enough to distinguish the junction from the cable. The power cables 14 are usually buried at 1 m depth in sandy environments (ε r ∼ 4) and an example of real buried junction is presented 15 in Figure 1 were geometric details are provided. This is one of the smallest junction used by Electricité De France
16
Company (EDF). This work, aims at showing that a wide band GPR system covering the frequency band [0.5 GHz
17
-3 GHz] can allow us to reach the needed resolution (3 cm) to distinguish the contrast between the scattered fields 18 due to the cable and the junction.
19
Thanks to the help of a full wave software (CST MWS) and its Finite Integration Technique a folded bowtie an-20 tenna operating at the frequency band [0.5 GHz, 3 GHz] has been optimized and various scenarios have been studied 21 either in terms of embedding Earth medium (dry/wet sand) or in terms of polarization (parallel/perpendicular).
22
The geometric and electric description of the power cable embedded in a homogeneous dry or wet sandbox re-23 spectively are considered in the numerical model and the optimized antenna is used as transmitting and receiving 24 structures. In fact, the authors of [19] [20] [21] [22] [23] [24] [25] [26] have underlined the importance of the incident field modeling on the 25 GPR imaging results. The corresponding received signal (S 21 ) in a bi-static configuration along the buried scanned 26 cable is then collected and treated using various filters in order to remove the clutter. Finally, the measurements 27 are realized inside a controlled area of "EDF -R&D" company with the laboratory of electrical material at Moret 28 sur Loing site where multiple cables are buried and where the presented GPR study has been validated. The paper 29 is organized as follows: section 2 is dedicated to describing the designed antenna. Section 3 proposes the full-wave 30 simulation results for the junction detectability. Section 4 focuses on the on-site measurement results conducted at 31 Moret sur Loing. Finally, a conclusion is drawn to outline the interest of the conducted study for utilities detection 32 and localization in section 5. 33 
The GPR antenna structure

34
Ultra wideband antennas are widely used for GPR applications [27, 28] . These antennas can be TEM horn
35
[29], biconical antenna [30] , the bowtie, the lumped element loaded antennas [31] . Here an optimized fractal folded 36 bow-tie antenna for on-ground GPR has been chosen. This antenna is used in the vicinity of the soil (proximal 37 antenna). Such an antenna belongs to the dipole antennas family, which is efficient and easy to design since the 38 input port impedance depends on the flare angle of the bowtie. We have optimized the antenna with its symmetric Figure 2 where the BALUN is also described. The antenna has been optimized in free space using the transient solver provided by CST MWS and the measured reflection coefficient (S 11 ) of the realized antenna is presented in 42 Figure 3 . In order to prevent the back-radiation of the antenna we need to transform it to unidirectional one. We
43
can use a cavity as specified in many papers among which [32, 33] where a large cavity in comparison with the 44 bowtie antenna size has been used. However, such a solution is not adapted to the GPR application since the size 45 of the cavity has to be comparable with the size of the antenna as presented in [34] . Nevertheless, the use of the 46 cavity is inevitable because of the electromagnetic energy radiated from the back of the bow-tie antenna. Without a shielding around the antenna, the interferences with the external parasitic electromagnetic perturbations reduce 48 significantly the signal to noise ratio of the measured data. In fact, the metallic cavity brings the protection to the 49 GPR antennas and without a specific precaution, the coupling between the antenna and the shielding cavity will 50 inevitably deteriorate the antenna matching.
51
In this paper we propose, besides using the cavity filled with absorbers, to bend the fractal bowtie antenna (as 52 shown in Figure 2 ) to enhance the directivity of the antenna in the frequency band of interest [0.5 GHz -3 GHz].
53
The idea of bending the antenna is inspired from TEM antennas as depicted in [35] .
54
The 30
• bended antenna is labeled V-Folded Bowtie Antenna (VFBA). As shown in Figure 3 , the VFBA S 11 55 is presented and compared with the S 11 of the VFBA with the shielding cavity filled with absorbers. 3. The electromagnetic modelling of the GPR scene
59
From now, the optimized VFBA will be used as transmitter and receiver to illuminate the scene and collect and imaginary part are given in Figure 4 whereas the GPR scene modeled in our study is described in Figure 5 . 
68
The simulation is running on PC with 32 GByte RAM, over Intel Xeon CPU E5-1650 V3 3.5GHz. The excitation 69 pulse is sent to the antenna via the coaxial connector of the BALUN and the simulation is stopped after 50 ns. For 70 each position along the cable, this simulation takes 3h45min. In order to work with reduced size sandbox volume 71 perfect matched layers (PML) have been used to prevent the echoes produced by the borders of the sand volume.
72
For the case of dry sand scene, PML are placed around the sand volume to simulate an infinite sandy environment.
For the case of a wet sand, the PML predefined in the CST software cannot deal with a dispersive environment and 
and its spectrum normalized at f 0 = 1.5 GHz are presented in Figure is efficient for the echoes attenuation. In the following, only the combination of the PML and IL will be considered.
102
Now a numerical study of the influence of the transmitting and receiving antennas polarization on the buried 103 cable detection is performed. In Figure 5b an upper-view of the antennas disposition above the sandbox is depicted.
104
In the first situation, the transmitting and receiving antennas are placed in order to align the polarization of the 105 incident field with the buried cable and consequently the impinging E-field polarization is parallel to the scan 106 direction along the cable (parallel configuration). In the second situation, the antennas are positioned so that the 107 incident E-field is polarized perpendicularly to the scan direction (perpendicular configuration).
108
Using CST MWS to model the scene presented in Figure 5 for a wet sand leads to the B-scan radargrams 109 presented in Figure 8 for the so-called parallel configuration. to the B-scan. The high-pass filter to design aims at eliminating the clutter component in the spectral domain.
118
The filtered radargrams are presented in Figure 8 . These two clutter reduction techniques have shown comparable 119 radargrams.
120
Four situations corresponding to dry and wet sand for parallel and perpendicular polarizations are studied and 121 the corresponding radargrams are presented either for E tot − E tot and for filtered E tot in Figure 9 . In all of them the junction. In Figure 9 the cable junction is located at |y meas | ≤ 0.2 m corresponding to the maximum magnitude 128 of E tot − E tot and of the filtered E tot .
As it is seen in Figure 9 , the amplitude of the echoes resulting from dry sand are higher than for wet sand due 130 to the higher propagation losses of the latter. As expected, the parallel antenna polarization produces higher level 131 echoes compared with the perpendicular one. Based on these four studied situations, a common conclusion arises; Finally, for imaging purpose a Kirchhoff migration technique [37-42] has been applied to the data of E tot − E tot
150
and filtered E tot and the results are shown in Figure 11 . The buried cable and its junction are clearly identified 151 either for dry sand or wet one and either for parallel polarization or for perpendicular one.
152
As a conclusion the simulation analysis of the GPR scene composed of a cable buried in a sandbox respecting (EM) modeling taking into account the coupling between the antennas and the sandbox was the main interest.
157
The EM modeling has proven that the cable junction is detectable using a GPR technique in the frequency band
158
[0.5 GHz -3 GHz]. The results presented for E tot are not trivial for the localization of the junction, however, using 159 E tot − E tot and filtered E tot the junction can be localized. The filtering technique is simply implemented for 160 efficient clutter reduction as presented. In addition, the Kirchhoff migration technique has shown good results for 161 the localization of the junction based on a unique B-scan along the buried cable. In the next part, the results with 162 experimental on-site measurements will be carried out in a real (even if controlled) environment. of this site is depicted in Figure 12 and shows the measurement area and cables before being buried. The cables 167 are placed at around 1 m depth from the soil surface and the covers seen in the photography are removed before 168 burying the entire scene. We scanned over 4 m along a cable as shown in Figure 12 , where the junction is localized 169 with the wooden stick (preserved after burying the cables) seen at the right of the photography.
170
As seen in Figure 12 , the buried cables are not identical to the simulated one; they are gathered by pair and 171 have a larger diameter (total diameter of about 90 mm) and the junction we are investigating is also larger since Figure 12 and the network analyzer has been calibrated before 179 starting the scan. The antennas are moved manually step by step along 4 m with a displacement step of 5 cm.
180
Unlike the simulation study the surface of the soil is not flat and the soil is not homogeneous.
181
In order to evaluate the wave velocity in the ground, we have collected a sample of the soil and we measured caused by the soil heterogeneities. In addition, the antennas response is differently coupled with the non-flat soil.
192
Using the cavity-backed antennas we prevent the external environment coupling, however we distort the shortness 
202
The parallel polarization is more efficient that the perpendicular one which confirms the simulation results.
203
In Figure 16 , we present the imaging results of the Kirchhoff migration technique resulting from the measurement 204 data. As it is seen, in the parallel configuration the cable and its junction are easily identified using higher.
226
From the antenna point of view, the VFBA is bent so the distance between the excitation part of the antenna 227 (central part) and the soil is about 7 cm, which helps to keep the antenna matching stable even in front of a wet 228 environment. The risk of placing the antenna in front of high conductive medium is that the reflected signal is 229 strong enough to mismatch the antenna excitation. Consequently, the energy accepted by the antenna is reduced.
230
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